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Abstract. Fatigue studies of materials in simple or complex loading 
systems for any given lifetime is object of continuous research. This is due 
to the advancements on mechanical and structural components, as well as 
for new and innovative materials, which implies the knowledge of a 
materials response to all dynamic loads. The fatigue failure regime beyond 
what was once considered to be the fatigue limit (infinite life) is 
characterized between 107 and 109, known as Very High Cycle Fatigue 
regime. Due to the time consuming and energy wide consumption of 
conventional fatigue testing for such regime, fatigue tests under ultrasonic 
actuators are being used, capable of applying the dynamic loads at around 
20 kHz. Nowadays, several variants of ultrasonic fatigue tests were already 
proposed and tested but it is still a somewhat limited fatigue test if compared 
to the conventional servo-hydraulic fatigue testing machines of general use. 
In this study, biaxial in plane stresses are induced in specially designed 
cruciform specimens with ultrasonic fatigue testing resonant principals. Two 
geometries were numerically analysed, manufactured and experimentally 
tested, the in-phase tension-tension (T-T) specimen and the out-of-phase 
compression-tension (C-T) specimen. All specific designed geometries go 
under a thorough numerical and several experiments analysis for their 
validation. The specimens showing a correct and as intended behaviour are 
led to failure.  
1 Introduction  
Many of every day mechanical devices and structures have many components subjected to 
dynamic and cyclic loadings, as cars, airplanes, trains, hydraulic machines and so on. To 
ensure the safety and reliability of the users and the machine every material employed to such 
components should be carefully chosen in accordance to the applied forces and life cycle.  
Therefore, the study of the materials resistance and behaviour to fatigue damage will ensure 
a higher safety and a correct projection of key components in such mechanical devices and 
structures. Many of the mentioned components can reach in their life time higher than 107 
cycles due to the high frequency of dynamic loads and/or long life in service. Due to the way 
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the metals behave and the difficulty of testing a material with offer 107 cycles it was once 
believed that for a certain stress or lower no fatigue failure could ever occur. Many 
researchers as Bathias and Sonsino have determined that no real fatigue limit is ever present 
[1; 2]. 
To study a material for any fatigue range of cycles and type of stresses, all specimens are 
designed carefully and machines capable of inducing high enough cyclic stress are chosen. 
In this study the fatigue regime of interest in the Very High Cycle Fatigue (VHCF) related 
between 107 and 109 cycles with induced transverse biaxial stresses using cruciform 
specimens. In order to study VHCF regime new fatigue machines were designed due to the 
very high number of cycles need to be induced to a specimen. A conventional machine can 
take several days just to reach 107 cycles. Higher frequencies were needed, and so the 
ultrasonic fatigue testing machines were created. Such machines can induce cycling stresses 
with frequencies of around 20 kHz or even higher. Such tests could only initially apply 
uniaxial tension-compression, bending and torsion tests [3–5]. 
Only a few multiaxial ultrasonic fatigue testing machines have been successfully 
conducted using the basics of the ultrasonic tests already designed [6; 7]. Such a machine 
capable of applying a biaxial state of stresses was created and is briefly described in this 
paper as well as a few results of tested specimens. All the tests were conducted with the base 
of the created machine by the laboratories of Instituto Superior Técnico [8]. 
In this research multiaxiality was achieved by creating aluminium cruciform specimens 
specially designed for the referenced machine. These specimens were carefully designed 
following an optimized cruciform geometry already employed and with the support of finite 
element analysis. Many different researches have already been made with aluminium as in 
[9; 10] as well as in the referenced biaxial machine by Palin-Luc et al. [6]. 
2 Testing concept and methodology 
2.1 Ultrasonic fatigue methodology 
Ultrasonic fatigue testing machines use resonant principals to achieve high enough stresses 
at a high frequency. In such machines, a piezoelectric transducer is used with a specially 
designed component’s set, which are attached sequentially as: Transducer; Booster; Horn and 
finally the testing specimen. The components are specially designed to be exited in a specific 
resonant mode at the working frequency of the transducer. The used transducer has a 
frequency range of 20+/-0.5 kHz. The geometry of the Booster and Horn is designed to 
amplify the displacements provided from the transducer, while the specimen is designed to 
have a single and known area of high stress.  
Taking as example the first ultrasonic test, tension-compression, the transducer transmits 
longitudinal displacements that are amplified by the booster and horn and subsequently 
transmitted to the material sample of interest for a given study. This sample, the specimen, is 
shaped as an hourglass and is excited in his first longitudinal resonant mode, which creates 
cyclic tension-compression stresses. The dimensions of the specimen are carefully chosen so 
that the resonant mode of interest and no other is as close to the middle range frequency of 
work of the transducer as possible. 
2.2 Cruciform specimen concept 
Following the mentioned ultrasonic fatigue concepts, two cruciform geometries were created 
with a specific resonant mode as close to 20 kHz of frequency, an in-phase tension-tension 
(T-T) and an out-of-phase tension-compression (C-T). Both specimens were designed and 
evaluated with Finite element software taking in consideration a similar set as a uniaxial 
tension-compression ultrasonic fatigue test. Figure 1 shows a representation of the 
components set. 
 Fig. 1. Representation of the component’s set for testing cruciform specimens 
Each of the two specimens’ dimensions resonant modes of interest have the highest stress 
is lowest in the connection and highest in the centre. The movement of the arms differs in 
phase between the specimens establishing the biaxiality as it can be observed in figure 2. 
 
Fig. 2. Resonant displacement specimen representation: (A) in-phase T-T (B) out-of-phase C-T 
The geometry and relation between all dimensions follow an optimized cruciform 
specimen presented by Baptista et all [11]. Several combinations were created and with the 
use of a finite element software, a modal analysis is made and the frequency for the resonant 
mode of interest. The first geometries for the T-T and C-T machined were followed by the 
literature research [12]. They are designed to have the biaxiality ratio (𝐵 =
𝜎𝑦
𝜎𝑥⁄ ) of B=1 
for T-T and B=-1 for C-T. 
 Fig. 3. Cruciform geometry design and dimensions (mm) [12] 
2.3 Experimental procedure 
Several specimens of each type of cruciform specimens, T-T and C-T were analysed 
experimentally and tested to failure. Since the specimens are the first of its kind for the 
ultrasonic fatigue, and having a certain complexity, several test analyses were made to 
understand if the specimen’s behaviour were as intended and predicted.  
Firstly, a resonance analysis was made to see if they could even be excited within the 
working frequency of the transducer. Afterwards a Polytec Laser is pointed at several points 
of interest of the specimen and the difference of amplitude and phase are analysed.  
All specimens were painted black in one side for better measurement of the temperature 
by a thermal camera. The regions of higher heat generation will be associated with higher 
deformation and thus higher stresses. Therefore, all specimens were analysed when under 
excitation using a thermal camera. 
3 Results 
The thermal images, as the one showed in figure 4, obtained during a test’s strengthen the 
correct functioning of the C-T specimen by showing to have a higher heat generation in the 
centre of the specimen where the stresses are the highest.  
 
Fig. 4. Thermographic image showing the highest heat generation zone 
The laser results have showed that the tested C-T specimens followed the displacement’s 
relations as predicted, having the arms in out-of-phase condition and with no notable 
difference in amplitude and variance. Also, very little vertical movement was measured on 
the horizontal arms as well as horizontal in the vertical arms.  
The failed specimen showed a crack near its centre and with angle of around 50 degrees 
to the horizontal arms, as it is presented in figure 5. The fracture surface was only visible 
after the specimen was put under a tensile machine. 
 
Fig. 5. (A) cruciform C-T painted black for thermographic imaging (B) C-T after total breakage in a 
tensile machine (C) fatigue fracture angle 
4 Conclusion  
The experimental analysis showed that C-T specimen was working correctly. The correct 
functioning of the C-T specimen was achieved by the laser measurements, the thermographic 
images and proved by the fact that it created a fatigue surface near its centre. 
The crack showed to have around ±50º degrees to the horizontal arms. This angle is as 
predicted by most fatigue damage parameters calculated by Batista et all [13] for the 
optimized geometry followed in this study within the HCF regime. This emphasize the 
correct stress induction of the C-T specimen. All tested T-T specimens did not work as 
intended even thought they could be excited by the transducer. The excited mode exhibited 
a displacement combination of modes with the mode of interest. The FEA analysis proved 
that for the tested specimen there were resonant modes with similar frequencies and 
consequently the experimental results showed that such influence changes the specimen 
behaviour in such a way making it unreliable for the axial-axial in-phase fatigue test. It should 
be remarked that a different geometry is under development to shift the close resonant modes 
of non-interest for the frequency of work 20 ± 0.5 kHz just as the C-T specimen, which should 
correct the T-T resonant mode. 
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